ABSTRACT A rate-shift-based integrated system is proposed to increase the throughput of the joint radar-communications systems. We show that the transmission rate has a time-varying bound and can be maximized with each transmission bit having a different rate. Then, we derive the theoretical throughput of the rate-shift signal, which doubles that of the constant rate signal. For achieving the double throughput, a rate-shift algorithm is proposed to generate the transmission rates of rate-shift signal. The corresponding transmitter and receiver are designed without any additional computational complexity. The numerical results show that the throughput of joint radar-communications systems can be significantly improved by shifting rates.
I. INTRODUCTION
The integration of radar and communications has many advantages in saving the resources of hardware, sharing the bandwidth and improving the anti-interference and the anti-investigation of communication systems [1] - [6] . For example, the integrated waveform can be used in the intelligent transportation system where communicating among each other and detecting of cars are needed at the same time [7] .
One straightforward solution to the integration problem is to split the available resources of radar system (in different time, neighboring frequency or subarrays of antenna) [8] . It is easy to implement with low cost and complexity. However, the radar detection performance is degraded because the radar system must allocate its power to the communication system.
Rather than splitting the available resources, the integrated waveform utilizing only one transmitted signal can realize the communication and detection over the same time and frequency bands [9] . For example, the orthogonal frequency division multiplexing (OFDM) signal with high spectrum efficiency has been firstly used as an integrated
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waveform [10] - [12] . However, as OFDM is a non-constant envelope modulation with high peak average power ratio (PAPR), the serious distortion of transmitted signal is inevitable in the nonlinear region of radar high-power amplifier.
Due to the constant envelope characteristic of the minimum shift keying (MSK) signal, the integrated waveform based on the linear frequency modulation-minimum shift keying (LFM-MSK) can avoid the distortion caused by the nonlinearity of radar amplifier [13] , [14] . However, after loading with the MSK signal, the spectrum of integrated signal will be extended and exceed the original bandwidth of radar system. It will make both the performances of detection and communication degraded.
Aiming at restricting the spectrum within the original bandwidth, Liu et al. [15] proposed a modified three-phases integrated waveform where the bits in all three phases had the same rate. However, a number of redundant bits with respect to the square of bit rate must be transmitted at the beginning and the end of the transmission sequence. Consequently, the number of user data is small which results in low throughput compared with the system bandwidth.
In [16] , an approach based on the partial response of the continuous phase modulation (CPM) was used to decrease the number of redundant data. The reduced number of redundant data is equal to the correlation length L. However, large L is not practical due to the increased complexity. For example, in [16] , L is set to 4, while the number of redundant data is 384. Thus, the redundant data reduced by partial response is very limited. This paper mainly focuses on reducing the number of redundant data and increasing the throughput. An integrated system based on rate-shift waveform with only two redundant bits is proposed for the bandwidth limited joint radar-communications systems. We start from deriving the upper bound on available transmission rate of LFM-MSK system. The time varying property of the bound motivates us to design the rate-shift algorithm which minimizes the number of redundant bits and maximizes the transmission rate. Consequently, the throughput is maximized and doubles the traditional constant one. The corresponding transmitter and receiver are designed for the rate-shift signal.
The contributions of this paper are: 1) Derivation of an upper bound on the available transmission rate of the LFM-MSK system during one radar pulse. It reveals that the maximum available transmission rate is time-varying and shaped as a triangle.
2) Derivation of the maximum throughput of the rate-shift signal and the constant rate signal. We show that the former doubles the latter.
3) A rate-shift algorithm and the corresponding transmitter and receiver, which can maximize the system throughput without additional computational complexity.
Numerical results demonstrate that the proposed rate-shift integrated signal achieves double throughput of the one with constant rate. Moreover, the proposed signal can achieve better bit error rate (BER) performance than the one with constant rate given the same throughput. This paper is organized as follows. Section II investigates the system model. Section III derives the upper bound on transmission rate, proposes the rate-shift algorithm, and analyzes the performances. The numerical results are provided in Section IV. Section V concludes the paper.
II. SYSTEM MODEL
The constant rate integrated waveform based on the LFM-MSK is a combination of the linear frequency modulation (LFM) signal and the MSK signal. The LFM-MSK signal can avoid the nonlinear distortion caused by power amplifier because of its constant envelope characteristic from MSK. Moreover, the LFM-MSK signal has good radar performances in terms of detection probability and estimation accuracy from LFM. Therefore, this signal can be widely applied to the practical radar systems.
The LFM signal which has been widely used in radar system [17] is expressed as where A denotes the amplitude of radar signal, f c represents the center frequency of radar signal, B is the bandwidth of radar system, µ is the slope of frequency modulation, and t is the time. The spectrum of radar signal is in f c −
. For a LFM pulse, its pulse duration is defined as T p = B/µ, and its time-bandwidth product is expressed as γ = BT p .
The MSK signal has many advantages in constant envelope, high efficiency of spectrum and good BER performance. In the MSK system where the carrier frequency is f 0 , the modulated MSK signal with constant rate [15] is formed as
where T denotes one duration of transmission bit, a k = ±1 follows from input data, and ϕ k represents the initial phase of the k-th bit. The integrated waveform based on LFM-MSK can be considered as loading MSK signal on the LFM carrier. Therefore, the integrated waveform with constant rate is given by
where
the value of N represents the number of transmission bits in one radar pulse, and N = T p /T . To receive the communication information carried on the LFM-MSK signals, the coherent communication receiver has been proposed for constant rate signal. Figure 1 depicts the structure of LFM-MSK coherent communication receiver comprised by the components including orthogonal downconversion, integration, decision, parallel-serial conversion, and differential decoding.
Next, we analyze the performances of the integrated waveform with constant rate in terms of radar performances and communication performances. 
A. RADAR PERFORMANCES ANALYSES
The main function of radar consists of target detection and target estimation including the range, velocity, and direction of arrival (DOA). In the following, we analyze the detection probability and estimation accuracy theoretically.
The radar detection is to decide whether a given radar measurement is an echo from a target or only the effect of noise. The detection process can be described as a problem in statistical hypothesis testing [17] . Under hypothesis testing, the hypothesis H 0 represents that the measurement is the result of noise only (target-absent), and hypothesis H 1 represents that the measurement is the combined result of noise and echo from a target (target-present). Hence, the problem of target detection is defined as
and
where x(n) denotes the received signal for n-th sampling point, the value of A represents the scalar of radar echo amplitude, and ω (n) is the additive white Gaussian noise (AWGN) with zero mean and variance σ 2 /2 in each of the I and Q channels (total variance σ 2 ).
Under hypothesis H 0 , the received signal x (n) is a variable with zero mean and variance σ 2 . Thus, the envelope |x (n)| follows the Rayleigh distribution [17] , whose probability density function (PDF) is
where z denotes the amplitude of envelope. For a deterministic threshold V T , the probability of false alarm is given by
Thus, the threshold is derived as
Under hypothesis H 1 , the PDF of the envelope |x (n)| is
where I 0 is the modified Bessel function of the first kind of order zero. Under Neyman-Pearson criterion, the decision process is designed to maximize the detection probability given a constant probability of false alarm. Hence, the probability of detection is expressed as
According to (8) and (10), the probability of detection is given by
where Q is the Marcum Q-function, and the signal-to-noise ratio SNR= A 2 /2σ 2 .
The radar measures the range and velocity of target by the estimations of time-delay τ and Doppler shift f directly, respectively. The estimation accuracy of radar waveform is bounded by the Cramér-Rao lower bound (CRLB) [18] - [20] . The low bound corresponds to the good estimation accuracy. In particular, according to [21] , the CRLB is expressed as
where CRLB τ τ and CRLB ff denote the CRLB of the error variances of the measurement of time-delay τ and the measurement of Doppler shift f , respectively, the value of E r represents the energy of received radar pulse signal, and N 0 denotes the noise power spectral density. Note that, β and η are considered as the effective bandwidth and the effective pulse length of radar signal. The values of β 2 and η 2 are computed by
where t and f are the time and frequency, respectively, f (t) denotes the complex envelop of the radar signal, and F (f ) represents the Fourier transform of f (t).
B. COMMUNICATION PERFORMANCES ANALYSES
The BER is one of the most important measurements of communication performance. In [15] , it was concluded that the BER of LFM-MSK signal is the same as that of MSK signal and is given by
where Q represents the Marcum Q-function, the value of E b is the energy per bit, and N 0 denotes the noise power spectral density.
The throughput is another important measurement of communication performance. Next, we present the throughput analysis of constant rate signal based on the integrated LFM-MSK systems.
To restrict the spectrum within the original bandwidth, the transmission sequence with constant rate is designed as the modified three-phases. The Phase-1 and Phase-3 must carry some redundant data transmitted at the beginning and the end of the three-phases transmission sequence. The user data can only be transmitted in the Phase-2 at the middle of the three-phases transmission sequence [15] .
The total number of transmission bits transmitted in one radar pulse with constant rate is computed by
where R b represents the constant bit rate. The number of redundant bits with constant rate in the Phase-1 or Phase-3 is defined as
where x is the minimum integer that is no less than x, and B M denotes the bandwidth of integrated signal.
To compute k 0 , the bandwidth B M should be firstly defined. In [15] , the most of the power of LFM-MSK signal is only considered to converge around f 1 and f 2 , which represent the higher and lower signaling frequencies of MSK signal, respectively. Therefore, f 1 and f 2 are taken as the main components of the power spectrum. The integrated signal bandwidth B M is defined as
where the modulation index h = f /R b . The notation f denotes the frequency separation which is defined as
For the integrated waveform based on LFM-MSK, h =1/2. Hence,
According to (18) and (21), we can get
For the sake of simplicity, k 0 can be approximated as
The number of user bits carrying user data with constant rate is computed by
Therefore, the throughput, i.e., average number of user bits transmitted per unit time [22] , with constant rate is expressed as
where T r denotes the radar pulse repetition interval (PRI), and D represents the duty-cycle of radar pulse.
III. RATE-SHIFT INTEGRATED SYSTEM
In this section, we introduce the rate-shift based integrated system for the bandwidth limited joint radar-communications systems. We start from deriving the upper bound on available transmission rate of LFM-MSK system. Then, the rateshift algorithm is proposed to obtain the maximum available transmission rate of rate-shift signal at any time. Finally, for the rate-shift integrated signal, we propose the corresponding transmitter and receiver and analyze performances including radar performances and communication performances.
A. BOUND ANALYSIS AND RATE-SHIFT DESIGN
Recall that the spectrum of integrated signal exceeds the original bandwidth if all of transmission sequence are used to carry user data. Consequently, in the modified three-phases waveform, the user data is only transmitted in Phase-2.
Phase-1 and Phase-3 transmit redundant data to restrict the spectrum within the original bandwidth. It means that the data transmitted in the middle has much less contribution to the extension of the spectrum compared with which in the beginning and end. This observation motivates us to increase the transmission rate in the middle without increasing the number of redundant bits.
In the following, we analyze the bound on available transmission rate of LFM-MSK systems.
1) THE UPPER BOUND ON AVAILABLE TRANSMISSION RATE
This paper considers a radar system with operation band
, where B is the original bandwidth of radar. 
Then, the available transmission rate of the LFM-MSK system can be derived based on the relationship between the transmission rate and the bandwidth of integrated signal. Note that the bandwidth of modulated MSK signal is considered as the frequency separation [15] as seen in (19) , which can be only applied to the situations where the transmission rate is low compared with the original bandwidth. This is because the impact of baseband bandwidth of MSK signal is not taken into account in this assumption. In this paper, we consider a more general case that the main lobe is taken as the main component of signal power spectrum [23] . Consequently, the null-to-null bandwidth is considered as the bandwidth of integrated signals which is expressed as
where B c denotes the baseband bandwidth of signal, and α = B c /R b . For a given communication system, α is a constant number greater than 0 since both B c and R b are positive. For example, for MSK, α = 0.5. According to (27) and (28), the upper bound on available transmission rate is given by
2) RATE-SHIFT ALGORITHM Equation (29) reveals that the maximum available transmission rate is time-varying and shaped as a triangle as shown in Fig.2 . Figure 2 also shows the relationship between a constant bit rate and the maximum available transmission rate within one radar pulse. The notation t 1 and t 2 are the moments when the constant bit rate R b1 is equal to the available rare R u . For the integrated signal with constant rate R b1 , its bit rate is larger than the maximum available transmission rate within the time interval [0, t 1 ] ∪ t 2 , T p . Hence, the spectrum will exceed the original bandwidth if the user data is transmitted in [0, t 1 ] ∪ t 2 , T p , i.e., the Phase-1 and Phase-3 of modified three-phases strategy. In other words, to guarantee the spectrum of integrated waveform always within the original frequency band, the transmission rate of user data must be lower than the maximum available transmission rate at any time.
The time-varying property of the bound on available transmission rate motivates us to shift the transmission rate. Firstly, in the initialization process, we start from initializing the parameters of system, including h, α, B, µ, and T p . Then, we should determine the rate of first user bit that affects the number of redundant bits. We know that the lower the rate, the less the number of redundant bits. Given that the number of redundant bits is minimum positive integer 1, the rate of first user bit is computed by R 1 = 2µ (h+2α) . Hence, the duration of first user bit is computed by T 1 = 1/R 1 . In this paper, the rate of redundant bit is equal to that of first user bit, which means that the time is 2/R 1 after the redundant bit and the first user bit are transmitted. Now the rate of second user bit R 2 is computed by (29) with the corresponding duration T 2 = 1/R 2 . The time is t 3 = t 2 + T 2 after the second user bit is transmitted. Next, without loss of generality, we consider the k-th user bit which begins to be transmitted at time t k with the rate R k computed by (29) and ends at time t k+1 = t k + T k given the duration T k = 1/R k . The rate of next user bit will be computed like this until the time t≥T p . Accordingly, system can obtain the shifting rates table in which the transmission rate is always approximately close to the maximum available rate at a time.
In the proposed rate-shift approach, we change the throughput by adjusting the limit rate R L instead of directly adjusting the bit rate in constant rate approach. The limit rate denotes the highest actual bit rate. If the shifting rates computed by (29) exceed the rate limit, they must be replaced by the limit rate R L . Note that the shifting rates table is determined for a system with given parameters. Thus, we can assume that the shifting rates table is known at both the transmitter and receiver during communication. The rate-shift algorithm is generalized as Algorithm 1.
Algorithm 1 Rate-Shift Design

1: Initialization
: h, α, B, µ, T p , R L , R 1 = 2µ (h+2α) , t = 2/R 1 ; 2: Loop until: for k =2, 3, . . . , K , do Compute R k from (29); if R k ≥R L R k = R L ; end if Compute T k = 1/R k ; end for Set t k+1 ← t k + T k ;
3: End loop
Remark 1: It is worth noting that Eq. (26) is the theoretical bound assuming that the duration of each bit is zero. However, in practice, the duration of transmission bit must be non-zero. Under this constraint, Eq. (26) should be
Therefore, Eq. (29) should be
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B. RATE-SHIFT WAVEFORM MODEL
In this subsection, we present the transmitter and receiver for the proposed rate-shift signal. The transmitter and receiver only need to make minor adjustment, that is, change the constant duration of bit T , as shown in Eq. (3) and Fig.1 , to the duration T k which may differ from each other. According to the LFM-MSK waveform with constant rate given by (3), the LFM-MSK waveform with shifting rates can be designed as
where T k denotes the duration of k-th bit. The coherent receiver architecture of LFM-MSK signal with shifting rates is illustrated in Fig.3 . Note that the amount of real additions and multiplications needed in the down-conversion and integrator components is the same as those of constant rate receiver. Moreover, other components keep unchanged compared with Fig.1 in terms of decision, parallel-serial conversion, and differential decoding. Hence, the computational complexity of rate-shift signal receiver is the same as that of constant rate scheme.
C. PERFORMANCES ANALYSES
Lastly, we analyze the performances of integrated signal with shifting rates, including radar performance and communication performances, and compare them with those of constant rate signal.
1) RADAR PERFORMANCE ANALYSIS FOR RATE-SHIFT WAVEFORM
Recall the detection probability given by (11) ,
Given a probability of false alarm, the detection probability is determined by the SNR at the matched filter output of the radar receiver, i.e.,
where S (t) denotes the received integrated signal, and E p is the total energy of signal within one pulse [17] . Note that, according to (33), the SNR of output signal is affected by the total energy of one pulse signal rather than the formula of integrated waveform. In other words, the SNR will be constant in rate-shift system compared with the constant rate system. Thus, the radar detection performance of the proposed integrated waveform is as good as that of constant rate waveform.
2) COMMUNICATION PERFORMANCES ANALYSES FOR RATE-SHIFT WAVEFORM
Recall BER performance given by (16) ,
The BER of integrated signal is a function of E b /N 0 . The value of E b /N 0 decreases as the bit rate increases given the same signal power, modulation order, and N 0 . Compared with the constant rate waveform, the waveform with shifting rates can achieve the same throughput with lower bit rate because the number of redundant bits is less. In other words, the value of E b /N 0 of rate-shift signal is higher instead of the one with constant rate given equal throughput. Therefore, it can be concluded that the BER performance of rate-shift signal is better than that of constant rate signal given the same throughput.
Next, we will analyze the throughput performance of integrated signal with shifting rates. Then we compare the maximum throughput of rate-shift signal with the maximum one of constant rate signal.
For the constant rate integrated signal, recall the number of redundant bits given by (18) ,
We take (28) as the bandwidth of integrated signal based on the LFM-MSK. Therefore, substituting (28) into (18), we obtain
Accordingly, we consider the number of redundant bits with constant rate in the Phase-1 or Phase-3 as Eq. (34). For LFM-MSK, h =1/2, and α =1/2, the number of redundant bits with constant rate is expressed as
For the sake of simplicity, k 0 can be approximated to
Consequently, the number of user bits with constant rate is computed by
Therefore, the throughput with constant rate is expressed as
According to (37) and (38), both the number of user bits and the throughput are the quadratic function of bit rate. Hence, the maximum number of user bits of the constant rate signal is
The maximum throughput of the constant rate signal is Figure 4 (a) reveals the relationship between the transmission rate and the number of user bits in the constant rate systems. The area of the rectangle region represents the total number of user bits. The notation t 1 and t 2 are the moments when the constant rate R b1 is equal to the available rare R u . The user data can only be transmitted within [t 1 , t 2 ] to restrict the spectrum within the original bandwidth. Accordingly, the total number of user bits is equal to the area bounded by the graph of R b1 , the t-axis, and the vertical lines t = t 1 and t = t 2 .
For the rate-shift integrated signal, the bit rate R t is time-varying and shifted by the rate-shift algorithm. The value of R t will be as close as possible to the upper bound on the available transmission rate. For the rate-shift signal, the total number of transmission bits is computed by Figure 4 (b) reveals the relationship between the transmission rate and the number of user bits in the rate-shift systems. The area of the shaded region represents the number of user bits, R t is the bit rate, and R u is the available rate. The maximum number of user bits of the rate-shift signal is equal to the area of the triangle region bounded by the graph of available rates R u and the t-axis.
According to (29) and (41), the maximum number of transmission bits of the rate-shift signal is computed by
Therefore, the maximum throughput of the rate-shift signal is
According to (40) and (43), it is obvious that the maximum throughput of the rate-shift signal doubles the maximum one of the constant rate signal.
IV. NUMERICAL SIMULATIONS AND ANALYSES
In this section, we compare the performances of the rate-shift waveform with those of the constant rate waveform. Numerical results show that the proposed rate-shift waveform can either significantly increase the throughput or improve the BER performance given the same throughput. The parameters in our simulations are listed in Table 1 . In our simulations, the rate-shift algorithm is used to generate the shifting rates table which indicates the transmission rates of rate-shift signal within one radar pulse T p . Then, the transmitted integrated signal is generated based on the shifting rates table. We use AWGN channel in all the simulations. Moreover, we assume that the receiver is perfectly synchronized to the transmitter.
A. RADAR PERFORMANCES
In this subsection, we propose the comparisons of radar detection probability, ambiguity function, and CRLB of radar estimation accuracy. The results show that the rate-shift integrated waveform has the same radar performance as the constant rate integrated waveform. Figure 5 shows the curves of radar detection probabilities of constant rate waveform and rate-shift waveform. The value of SNR is calculated at the detector input after compression. The cell averaging-constant false alarm rate (CA-CFAR) detector is used given the probability of false alarm 10 −6 . We assume that the target is nonfluctuating with zero Doppler. The result shows that rate-shift waveform performs the same detection performance as the one with constant rate. Figure 6 shows the curves of ambiguity functions of LFM waveform, constant rate LFM-CPM waveform, constant rate LFM-MSK waveform, and rate-shift LFM-MSK waveform. For constant rate LFM-CPM waveform, the modulation order M = 4, modulation index h = 1/4, and correlation length L = 1. We can see from Fig. 6(a) that the Doppler ambiguity function of rate-shift waveform is the same as those of LFM waveform, constant rate LFM-CPM waveform, and constant rate LFM-MSK waveform. For the delay ambiguity function as shown in Fig. 6(b) , the rate-shift waveform has a main lobe which overlaps those of LFM waveform, constant rate LFM-CPM waveform, and constant rate LFM-MSK waveform. All integrated waveforms with constant rate and shifting rates have almost the same fluctuations of side lobe while all of them are higher than that of LFM waveform because of the modulation of random data.
According to Eq. (12) and (13), the bounds on delay estimation accuracy and Doppler estimation accuracy are inversely proportional to the effective bandwidth and the effective pulse length of radar signal, respectively. Figure 7 shows the curves of CRLB of LFM waveform, constant rate LFM-MSK waveform, and rate-shift LFM-MSK waveform. We can see from Fig. 7(a) that the Doppler CRLB of rate-shift waveform is the same as those of LFM waveform and constant rate LFM-MSK waveform. This is because all of them have the same effective pulse length determined by radar pulse duration T p . The rate-shift waveform has the same delay CRLB as those of LFM waveform and constant rate LFM-MSK waveform due to the same effective bandwidth as shown in Fig. 7(b) .
B. COMMUNICATION PERFORMANCES
Next, we discuss the maximum throughput of rate-shift signals and constant rate signals. Figure 8 shows the theoretical maximum throughput of LFM-MSK system, the actual maximum throughput of rate-shift signals (solid line with triangle), and the actual maximum throughput of constant rate signals (dashed line with square). We can see that the maximum throughput of rate-shift signals which is close to the theoretical one doubles that of constant rate signals.
We define three specific throughputs for integrated signal. Throughput 3 (T-3) represents the maximum throughput of rate-shift signal. Throughput 2 (T-2) represents the throughput with which the rate-shift signal has the same BER performance as the constant rate signal with maximum throughput. Throughput 1 (T-1) represents the maximum throughput of constant rate signal. Figure 8 also shows the throughput T-2 (solid line with diamond) and T-1 (solid line with star) of rate-shift signals. Observe that Throughput 2 is 60% more than Throughput 1. This means that the throughput of rate-shift signal is about 60% more than the maximum one of constant rate signal given the same BER. Without loss of generality, we assume that the original bandwidth is 20 MHz. In Table 2 , we list the number of total bits, the number of redundant bits, the number of user bits, the throughput of constant rate scheme, and the throughput of rate-shift scheme with 20 MHz original bandwidth. The third column describes the bit rate for constant rate signal and the limit rate for rate-shift signal, respectively. Since we consider a more general case, the number of redundant bits is more than that of [15] defined as (23) . Observe that the number of redundant bits of proposed signal is always 2 which is determined by the rate-shift algorithm. One is the first bit of transmission sequences, and another is the last bit of transmission sequences. We can see from the first and second rows that the limit rate of rate-shift signal is about two-thirds of the bit rate of constant rate signal given the same throughput T-1. This means that all bits of rate-shift signal have lower rate than that of constant rate signal. We can see from the first and fourth rows that the limit rate of rate-shift signal doubles that of constant rate signal given double throughput. This means that most bits of rate-shift signal with throughput T-3 have higher rate than that of the constant rate signal with throughput T-1. Figure 9 illustrates the BER performances of rate-shift signal and constant rate signal with different throughput versus the carrier power-to-noise density ratio (C/N 0 ). The MSK signal with the theoretical BER performance (solid line with circle) has the same bit rate (6.6 Mbps) as the constant rate signal with throughput T-1 (dashed line with square). Observe that the BER performance of rate-shift signal outperforms about 2 dB compared with that of constant rate signal given the same throughput T-1. This is because all bits of solid line with star have lower rate than that of dashed line with square. They have the same BER performance given that the throughput of rate-shift signal T-2 is about 60% more than throughput of constant rate signal T-1. It allows us either to improve the BER performance given the same throughput or to increase the throughput performance given the same BER. Furthermore, the BER performance of rate-shift signal is degraded about 2 dB compared with that of constant rate signal given double throughput T-3. Most bits of solid line with triangle have higher rate than that of dashed line with square, which means that most bits of rate-shift signal have higher BER than that of constant rate signal. Hence, the rateshift signal with throughput T-3 has worse BER performance.
From the comparison of BER performances of the rate-shift signals with T-1, T-2, and T-3, we can conclude that the BER of rate-shift signal increases as the throughput increases. This indicates the trade-off between the throughput and the BER performance. We can either obtain good BER performance with a low throughput or achieve high throughput with a degraded BER performance.
V. CONCLUSION
In this paper, we maximized the throughput of integrated systems based on LFM-MSK by the rate-shift approach. The upper bound on available transmission rate was derived, and a rate-shift algorithm was designed to maximize the throughput. The corresponding transmitter and receiver were proposed for rate-shift signals. The numerical results demonstrated that the proposed rate-shift signal outperforms the one with constant rate. Note that the results of this paper can be easily extended to the other integrated waveform based on LFM.
